A chemically defined medium in which Streptococcus mutans strains AHT, BHT, GS-5, JC-2, Ingbritt, At6T, At9T, 6715, and OMZ-176 and Streptococcus salivarius strain HHT grew rapidly to high turbidities was formulated. Maximal turbidities of each strain were observed after 8 to 12 h of aerobic growth. The subsequent transfer of exponentially growing cells into fresh medium resulted in growth at the same rate without lag. Growth of these strains occurred with rates at least one-half of those observed in an organic medium, such as Todd-Hewitt broth. S. mutans strains FA-1 and OMZ-61 grew at relatively slow rates in the defined medium, but more rapid growth to higher turbidities of both strains was obtained when sodium bicarbonate was added to the medium. Streptococcus sanguis strain OMZ-9 and another group H streptococcus (strain 72x46) grew rapidly in the defined medium after the addition of sodium carbonate. The presence of carbonate or bicarbonate yielded higher turbidities of all the other strains, and the growth rates of several of the strains tested were also increased.
The in vivo growth and nutrition of cariogenic streptococci bears considerable significance in the cariogenic process. Dental plaque principally results from bacterial growth and retention of microorganisms, including streptococci, on smooth tooth surfaces (12, 15) . Physiological characteristics, such as acid production and cell wall thickening, have been shown to be influenced by growth and nutrition in other streptococci and lactobacilli (14, 20, 21) . In addition to thickening of cell walls (24) and lactic acid metabolism (13) , other physiological properties, such as production of dextran and levan from sucrose (11, 12, 22) and intracellular polysaccharide synthesis (25) , are also directly or indirectly related to growth, nutrition, and ultrastructure of cariogenic streptococci. Therefore, to study growth and nutrition and the subsequent effects on the physiology of these microorganisms, it is preferable to grow them in a chemically defined medium.
There have been relatively few studies of oral streptococci grown in chemically defined media. These studies have generally involved variations of growth components and incubation times, and quantitation of results on the basis of bacterial turbidities without determining growth rates (4-8, 16 ). Carlsson (4) (5) (6) (7) obtained good growth yields of many streptococci for numerous transfers, but incubated cultures for 120 h. Lawson (16) , on the other hand, grew cultures for 18 to 20 h, but had to use large inocula and perform several transfers before obtaining good growth yields. In the above-cited studies, growth rates were not determined, and chemically defined media differed. The present study was undertaken to obtain a chemically defined medium in which cariogenic and other oral streptococci could grow as rapidly as they do in an organic medium such as Todd-Hewitt broth when incubated either aerobically or anaerobically. After the reading, the cultures were re-incubated in the water bath.
The time required for the turbidity of a culture to double during exponential growth (TD) was graphically estimated in minutes from plots of AOD readings versus time. Doubling times during exponential growth were routinely confirmed by inoculating 1 ml of an exponential-phase culture into a second tube containing 9 ml of fresh, prewarmed media. Growth in the second tube was followed turbidimetrically and, if necessary, a further 1:10 dilution of this culture was made.
RESULTS
Initial experiments. Initial experiments were performed with the nine strains of oral streptococci listed in BHT grew at a TD of 61 min after a short lag (Fig. 1) , and an AOD of 2,000 was obtained after 23 h of growth. Subculture of an exponentially growing culture of BHT into fresh, prewarmed MC medium resulted in continued exponential growth at the same TD (61 min). Citrate addition improved growth of strain FA-1 (to a TD of 120 min and 1,800 AOD at 23 h) but did not affect the growth rates or turbidities at 23 h of the other strains listed in Table 2 .
Effect of sodium bicarbonate and sodium carbonate on growth of S. mutans strains FA-1 and OMZ-61 and S. sanguis OMZ-9. The addition of sodium bicarbonate (0.024 M) to medium MC greatly decreased the doubling time (to a TD of 80 min) and increased the growth yield (to 2,200 AOD at 7 h) of S. mutans FA-1 ( Fig. 2A) h) whereas sodium bicarbonate had little effect on growth (Fig. 2B) . Effect of increased phosphate concentration. To minimize the growth-inhibiting effects of acid production and thereby increase cellular turbidities reached at the end of exponential growth, the effect of increasing the phosphate content, and therefore the buffering capacity of the medium, was studied.
With strain AHT (Fig. 3) , sodium phosphate concentrations of 0.11 M or higher resulted in exponential growth at a slower rate. At phosphate concentrations of 0.11 M and higher, longer growth lags were observed. In 0.11 and 0.14 M phosphate, high culture densities (over 3,000 AOD) were reached at 23 h, but little growth (370 AOD at 23 h) was obtained in 0.18 M phosphate. Rapid exponential growth to a high culture density was observed in MC medium containing 0.08 M phosphate or less.
Studies of the effect of sodium phosphate concentration on the growth of nine strains are summarized in Table 3 . In MC containing 0.043 M (or 0.055 M) phosphate, culture turbidities reached by all strains tested were approximately as high as those reached in THG (Table 3) . Growth of strains AHT, GS-5, 6715, OMZ-176, and HHT was more rapid in MC containing 0.043 M phosphate than in MC containing the 0.02 M concentration. For the remaining strains the TD was the same in both media (Table 3) . A further increase in phosphate concentration to 0.055 M increased the (Table 4) . Also, carbonate addition resulted in growth of strains OMZ-9 and 72x46, and faster exponential growth of strains GS-5, JC-2, At6T, At9T, 6715, and OMZ-9, whereas bicarbonate addition had a similar effect for strains FA-1 and OMZ-61. Growth of 14 strains of oral streptococci in FMC. Except for the two Lancefield group H streptococci, all of the strains tested grew relatively rapidly to high culture densities in FMC ( Table 4 ). All of these strains grew with the same growth characteristics after five or more subcultures in this medium (1:50 or 1:100 dilution for each subculture). The addition of sodium carbonate, or in the case of two strains sodium bicarbonate, resulted in growth of all the strains tested to culture densities at 23 h substantially higher than those obtained in THG, and in growth rates comparable to those obtained in THG.
In all of the experiments described above cultures were routinely grown in 6-to 10-ml volumes in culture tubes (18 by 150 mm) with frequent mixing before taking turbidity measurements. Since these organisms are thought to grow better under anaerobic conditions (or at least at reduced oxygen tensions), some aspects of the effect of degree of aerobiosis were examined. With all strains, little or no effect of surface area-to-volume ratio on (i) lag before growth, (ii) rate of exponential growth, or (iii) culture turbidity at 23 h was observed when exponentially growing inocula were used. For example, inoculation of an exponential-phase culture into 10 ml of medium in a tube (18 by 150 mm) (surface area approximately 2 cm2) or into a 300-ml side-arm flask (surface area approximately 53 cm2) resulted in growth at the same rate and both cultures reached the same culture turbidity. Similarly, exponential-phase cultures inoculated into as little as 0.5 ml in a tube (18 by 150 mm) grew as rapidly and to the same densities as 10-ml cultures in the same type of tube.
In contrast, when overnight stationary-phase cells were used as inocula, longer lag periods, slower exponential growth rates, and lower turbidities after 23 Fig. 2A) , on October 10, 2017 by guest http://iai.asm.org/ Downloaded from whereas strain OMZ-9 preferred carbonate (Fig.  2B ). At present, we have no explanation for these observations.
We are also unable to offer an explanation for the effect of citrate on growth of S. mutans strains BHT and FA-1. Streptococci are considered to have a fermentative type of metabolism and to lack at least some of the enzymes of the citric acid cycle. Although citrate may be utilized for biosynthesis, its role could be merely in chelation of cations.
In the chemically defined media used by Carlsson (4, 5, 7), most strains grew only when incubations were anaerobic. Carlsson (4) observed that the addition of phosphate and acetate to the concentrations present in his chemically defined medium inhibited aerobic growth of S. sanguis strains of his group 1A in brain heart infusion broth. Using aerobic incubations in FMC plus carbonate (or bicarbonate), we obtained culture densities in 7 to 12 h similar to those obtained by Carlsson (5) after incubation for 120 h.
These studies have provided us with a chemically defined medium which can be used for studies of nutrition, physiology, and macromolecular synthesis with a wide variety of strains of oral streptococci, grown under both aerobic and anaerobic conditions.
